I. INTRODUCTION
Multicarrier code-division multiple access (MC-CDMA) has been considered as a promising candidate of air interface in the next generation wireless communications, which is capable to combat frequency selective fading, flexible to generate different data rates and provides high bandwidth efficiency [2] . Multicarrier systems are very sensitive to synchronization errors such as symbol timing error, carrier frequency offset and phase noise. Synchronization errors cause loss of orthogonality among subcarriers and considerably degrade the performance especially when large number of subcarriers presents. There have been a lot of approaches on synchronization algorithms in literature (e.g. [3] - [5] ). Traditional timing synchronization methods observe a large variance in multipath fading channels due to the interference of delayed signals. However it is acceptable for coarse synchronization since it has been verified if the residual timing offset is shorter than the difference between length of the guard interval and that of the channel impulse response, it only appears a linear phase rotation across the subcarrier FFT outputs [1] . A close loop fine synchronizer is proposed in [7] which is based on a phase detector measuring interference power caused by synchronization error. It also utilizes the tolerance of guard interval by setting the zero point of the phase detector inside the guard interval instead of beginning of OFDM symbols. All of these algorithms assume that channel estimator can identify the phase rotation later in coherent systems. On the other hand, there is also a certain level of residual frequency offset after frequency synchronization. Therefore, the channel estimator is expected to work as a fine synchronizer which has some ability to compensate residual time and frequency synchronization errors.
Channel estimation in MC-CDMA is generally based on the use of pilot subcarriers in given positions of the frequency-time grid. Comparing with blind approaches, pilotaided methods provide more accuracy and require less computational complexity. A number of data-aided channel estimation algorithms have been proposed in literature either using the least square (LS) criterion [11] or applying the minimum mean square error estimation [8] - [9] or time domain transformation [10] . However, these channel estimation methods are evaluated assuming perfect synchronization and do not guarantee the compensation of synchronization errors without any modification. Analysis and simulation later in this paper will show that the residual synchronization errors will degrade the performance of channel estimators significantly if no compensation methods are applied. In this paper, we will analyze the effect of synchronization errors on the performance of pilot-aided channel estimators, either for FFT-based or MMSE-based ones. And the synchronization error compensated channel estimator is proposed, where the residual timing offset is estimated in frequency domain by single frequency estimation technique and the residual frequency offset is iteratively searched based on the interference power at the certain set of subcarriers. The performance of the proposed algorithm is then evaluated by simulation and compared with traditional ones.
II. SYSTEM MODEL AND EFFECT OF SYNCHRONIZATION ERRORS
Consider a downlink MC-CDMA system with QPSK modulation and Walsh-Hadamard sequence of length L as the spreading sequence. The discrete baseband model of the system is shown in Fig. 1 . No channel coding and interleaving are considered in our model. Because of the synchronism between users, the spread data sequence generated by K users can be combined to the composite spread sequence 
After passing through a slow-varying frequency selective channel (where channel coefficients keep constant during one OFDM symbol), the received signal in the presence of residual frequency offset becomes
Where ε is normalized frequency offset and p h is the complex gain of the pth path. We assume the timing offset τ is within the length difference of the guard interval and maximum delay of the channel, and then its effect is equal to a circular shift of FFT window by τ point at receiver and output of OFDM demodulation is obtained as ( )
where H(i) and W(i) are channel coefficients and additive noise at the ith subcarrier respectively, and I(x) is given by
In (4), the effect of the timing offset is a linear phase rotation shown in Et. And effects of the frequency offset include two parts: one is the attenuation to useful symbols shown in Ef1, another is additive ICI shown in Ef2. Ef1 is easy to be combined into channel coefficients and (4) is rewritten as
We note that both Et and Ef2 affect the performance of detection. And different methods to compensate these effects will be discussed in the following sections.
III. DATA-AIDED CHANNEL ESTIMATIONS
The traditional data-aided channel estimation algorithms consist of two steps. First, estimates of the channel coefficients over the pilot subcarriers are achieved by LS criterion. Then the LS estimates are interpolated over the whole time-frequency grid. The interpolation can be applied by means of MMSE filter [8] - [9] or FFT-based time domain interpolation [10] .
A. LS estimation of channel coefficients over pilot subcarriers
Pilot symbols can be considered as the sampling of the twodimensional wide sense stationary uncorrelated scattering (WSSUS) process represented by the mobile channels. Therefore, we arrange the pilots into a rectangular grid in time-frequency domain, and keep the distances between two pilots in time and frequency dimension to satisfy the sampling theorem. The pilot signals can be equal complex values or random generated date of unit amplitude. And the LS estimation is given by
is the transmitted pilot symbol and f N denotes the frequency spacing of pilots. According to (6),
It shows in (8) that the LS estimation is susceptible to the phase rotation caused by timing offset and ICI caused by frequency offset. Since the final channel coefficients are obtained by interpolation, they are heavily dependent on the accuracy of pilot channel estimates.
B. Interpolation methods

1) MMSE interpolation:
The estimates of channel coefficients over pilot subcarriers can be arranged in the vector as
where N p is the number of pilot signals in one MC-CDMA symbol. Then the MMSE interpolation is constructed as To achieve the better performance, some time domain processing are always applied for this kind of channel estimator such as windowing or selecting the most significant taps, which are not focused in our discussion.
C. Sensitivity to synchronization errors
Effects of synchronization errors on the channel estimation are evaluated in simulation. Fig. 3 shows the BER performance of the channel estimation algorithms with timing offset of Dt samples. Dt ≤ -1 denotes that the offset is to the left, which means the timing offset is within the guard interval. It is observed that MMSE interpolation is very sensitive to the leftward offset, while FFTbased interpolation has some ability to compensate it. On the other hand, FFT-based interpolation is more sensitive to the rightward offset. That is because the linear phase modulated in frequency domain corresponds to a position shift of the CIR in time domain. For MMSE interpolation, it brings additional channel model mismatch. For FFT-based time domain interpolation, there are two different cases. When Dt ≤ -1, the position of the CIR will rotate to the right by Dt samples. If the rotation is smaller than the difference between N p and the number of taps of the CIR, it will be completely identified by (12) and recovered in frequency domain by (13). However when Dt ≥ 1, the position of the CIR will rotate to the left by Dt samples. Then the first several taps will rotate to the right end of the )} ( { q h sequence. After padding zeros, the estimated CIR will be completely different with the actual ones, which cannot be recovered. Fig. 4 demonstrates the performance of channel estimators with frequency offset of De normalized frequency offset. There observes a large performance loss when only a fractional offset presents, because the frequency offset introduces the additive interference term and greatly degrades the accuracy of pilot channel estimates, which cannot be compensated in the interpolation phase.
IV. SYNCHRONIZATION ERROR COMPENSATION METHODS
A. Compensation of timing offset
Typical timing offset estimation methods in multicarrier systems exploit auto-correlation in time domain based on the periodic nature of the received signal, either generated by the cyclic prefix or by the training symbols. Correlation algorithms are not effective when the offset is within the difference between the guard interval and the CIR. Channel estimation methods are sensitive to this kind of offset because it causes the additional model mismatch in interpolation. Therefore, the residual timing offset needs to be identified and compensated before interpolation. If (11) is satisfied, the frequency spacing of pilots will be smaller than the coherence bandwidth of channel, and there is
can be considered as a sequence with a single frequency and the phase error can be estimated by
And channel estimates over pilot subcarriers can be compensated by multiplying the single frequency After the compensation, the channel model mismatch is considerably reduced, and the interpolation algorithms can be applied. After the interpolation, the phase rotation is restored by
The procedure is depicted in Fig. 2 . 
B. Compensation of frequency offset
The major effect of the residual frequency offset is the additive ICI, which is difficult to compensate using the pilot symbols in the frequency domain. Here we introduce an iteratively searching method based on the interference power at null subcarriers, and compensate the residual frequency offset in the time domain, as illustrated in Fig. 2 . In multicarrier systems, subcarriers are generally not full-loaded in order to avoid aliasing and ease the transmit filtering. In this case, some null subcarriers are placed at the edge of the frequency band. After OFDM demodulation, the received signal at the null subcarriers is (according to (6) where u S is the vector of the received signals over all null subcarriers. In our scheme, the frequency offset is precompensated in time domain before OFDM demodulation by multiplying
, where i ε is the compensation factor in the ith iteration. During the iteration, i ε is increased from zero to a positive designed value by a fractional step of n ε , and the value of measure function M is calculated every time.
The final estimation εˆ is achieved by minimizing M. The performances of these methods are evaluated in simulation in the following section.
V. SIMULATION RESULTS AND CONCLUSIONS
The parameters of the broadband downlink MC-CDMA system in simulation are summarized in Table 1 . We only consider the case of one active user. Because in downlink transmission all users are synchronous and pilot symbols are allocated in the unique time-frequency grid, there is no inter-user interference in the channel estimation phase. Simulation for multiuser case can get the similar result which is not outlined here. A 17-tap ourdoor mobile channel [12] is implemented. The length of the cyclic prefix (guard interval) is larger than the CIR of channel by 116 samples. The performances of data-aided channel estimators are evaluated with the time and frequency synchronization errors. Fig.  3 and Fig. 4 show the performance of the channel estimators without compensating the synchronization errors, which have been discussed in the previous section. Fig. 5 demonstrates the performance of the compensated channel estimators with timing offset Dt. Dt is set to -40 and 5 respectively for MMSE interpolation and FFT-based interpolation. It shows that the proposed method considerably compensates the effect of the timing offset, and the BER curves are very close to the performance with ideal time synchronization. There is some performance loss for the FFT-based algorithm, because the timing offset to the right induces the inter-symbol interference, which cannot be corrected by frequency domain approach. Considering the tolerance of the guard interval, the rightward offset unlikely occurs in actual case. Fig. 6 shows the performance of the compensated channel estimator with the constant frequency offset. It achieves satisfactory performance for all channel estimators.
Finally, an overall performance of our method with time and frequency synchronization errors is showed in Fig. 7 , and compared with that of ideal synchronization and channel estimation.
In this paper, we studied the effects of the residual timing and frequency offset on the different data-aided channel estimators. Low complexity methods for compensation synchronization errors are proposed without applying any additional training. Simulations show that it considerably improves the performance of channel estimators in imperfect synchronization conditions. The uplink case, where users are quasi-synchronous or asynchronous between each other, is of interests for the further research. 
